Tec family tyrosine kinases include Btk, Tec, Itk/Tsk/Emt, Bmx, and Rlk/Txk, and have been implicated in the regulation of immune function and hematopoiesis. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Tec, Itk and Txk play important roles in the differentiation and function of T cells. [11] [12] [13] [14] [15] Indeed, overexpression of Tec in T cells leads to enhanced gene expression of interleukin (IL)-2 mediated by TCR/CD3 or CD28 stimulation, while the introduction of a kinase dead Tec into T cells suppresses IL-2 gene expression. 11, 16) Mice deficient in Itk display moderate impairment of both T cell development and peripheral T cell activation, whereas those deficient in Rlk/Txk show a slight decrease in the number of mature T cells, in particular of the CD4 ϩ subset. [17] [18] [19] By contrast, the combined loss of Itk and Txk causes major T cell impairment. 19) The data suggest that Itk and Txk have a compensatory role with each other in mouse T cells. However, Txk appears to play a more critical role in the differentiation and function of Th1 cells in humans. We have previously shown that Txk is specifically expressed in Th1 and Th0 cells, but not Th2 cells, and that it upregulates interferon (IFN)-g production through gene transcription in response to mitogenic stimuli. 20) Although Txk shares Src homology (SH)3, SH2, and tyrosine kinase catalytic domains with other Tec kinases, it lacks a pleckstrin homology (PH) domain and has a nuclear localization signal sequence, which is responsible for nuclear translocation following TCR mediated signaling. 9) Like other Tec family kinases, Y420 of Txk was transphosphorylated by Fyn, a member of the Src family, after the engagement of TCR according to Chamorro and coworkers. 21) On the other hand, the role of autophosphorylation in Txk remains undetermined.
In this study, we determined whether an autophosphorylation mechanism operates in Txk by employing an in vitro kinase assay. We show here that Txk is autophosphorylated and that the phosphorylation of Y91, but not Y420, contributes to upregulated IFN-g gene transcription.
MATERIALS AND METHODS
Cell Jurkat cells were cultured in RPMI 1640 (ICN Biomedicals, Inc., Aurora, OH, U.S.A.) supplemented with 10% fetal calf serum (Sanko Junyaku Co., Tokyo), penicillin and streptomycin.
Antibodies Purified and biotinylated anti-IFN-g monoclonal antibody (mAb), anti-IL-2 mAb, anti-IL-4 mAb, and PY20, anti-phosphotyrosine antibody were purchased from PharMingen (San Diego, CA, U.S.A.). Anti-human Txk Abs were purchased from Santa Cruz Biotechnology (Goat: Santa Cruz, CA, U.S.A.) and obtained from rabbits immunized with a peptide (CSVQKRQMRTQISLSTDEEL) as described by Kikuchi et al.
22)
Plasmids The vector pME18S-txk, containing fulllength wild-type human txk cDNA in a mammalian expression vector, pME18S (SR-a promoter), was generated as previously described. 20) The point mutant of Txk was created using the QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, U.S.A.). Briefly, pME18S-txk was used as a template. The amplification cycles consisted of 1 cycle of denaturation (95°C) for 1 min, followed by 16 cycles of denaturation (95°C) for 30 s, annealing for 1 min (55°C), and polymerization for 10 min (68°C). The PCR product was treated with Dpn I, which is specific for methylated DNA, and the synthesized nonmethylated DNA containing the desired mutation was recovered. The resultant mutant vector was used for the transformation of E. coli JM109. We gener- We have previously shown that Txk, a member of Tec family tyrosine kinase, is expressed in Th1 and Th0 cells and directly contributes to gene transcription of Th1-related proteins, including interferon (IFN)-g g, through nuclear translocation in response to mitogenic stimuli. Btk, another member of Tec family tyrosine kinase, has been shown to have a Src family tyrosine kinase-dependent transphosphorylation site and an autophosphorylation site. However, little is known about the phosphorylation mechanism of Txk, except that 420 tyrosine residue was identified as the transphosphorylation site. In this study, we found that Txk autophosphorylated itself by using an in vitro kinase assay. To elucidate the role of phosphorylation in Txk function, we studied IFN-g g secretion by Jurkat T cells expressing mutant Txk proteins. While transfection with the wild-type Txk resulted in increased IFN-g g production, the function was abrogated by disruption of the ATP biding site, which is presumably involved in the autophosphorylation mechanism. The results suggest that phosphorylated Txk is an active form to promote IFN-g g synthesis. The 91 tyrosine residue of Txk is deduced to be an autophosphorylation site by comparing its structure with Btk. In Jurkat cells transfected with Txk Y91A, IFN-g g production was decreased in comparison with the wild-type Txk transfected Jurkat cells. These data suggest that phosphorylation of the 91 tyrosine residue in Txk plays a positive regulatory role in Txk function. ated pME18S-txk K299E, pME18S-txk K121E, pME18S-txk Y91A and pME18S-txk Y420A by using the following primers: K299E forward 5Ј-CATATCCAGGTAGCTATCGA-GGCCATCAATGAAGGCTCC-3Ј and K299E reverse 5Ј-G-GAGCCTTCATTGATGGCCTCGATAGCTACCTG-GATATG-3Ј. K121E forward 5Ј-AATCCTCACTGGTGG-GAGGCAAGAGACCGTTTG-3Ј and K121E reverse 5Ј-CA-AACGGTCTCTTGCCTCCCACCAGTGAGGATT-3Ј. Y91A forward 5Ј-CCAAGTCAAGGCACTTGCTGATTTT-CTGCCCAGAG-3Ј and Y91A reverse 5Ј-CTCTGGGCAG-AAAATCAGCAAGTGCCTTGACTTGG-3Ј. Y420A forward 5Ј-GTTTTGGATGATGAGGCTGTCAGTTCTTTTG-GAG-3Ј and Y420A reverse 5Ј-CTCCAAAAGAACTGAC-AGCCTCATCATCCAAAAC-3Ј. Fidelity of all the constructs was confirmed by DNA sequencing. To generate a prokaryotic expression vector, cDNAs encoding the wildtype and mutant Txk were inserted into pQE31 (QIAGEN, Valencia, CA, U.S.A.). The resultant plasmids were designated pQE-txk, pQE-txk Y91A, and pQE-txk Y420A.
Evidence of Autophosphorylation in
Transfection and Stimulation of Jurkat Cells Purified plasmids were transfected into Jurkat cells by electroporation, as described. 20) After incubation for 48 h, transfected Jurkat cells were stimulated with PHA (Sigma, St. Louis, MO, U.S.A.) for another 24 h. In the preliminary experiment we used pRSV-CAT to determine transfection efficiency. We found that differences in the transfection efficiencies of each transfection were negligible in the experiments.
ELISA Amounts of IFN-g, IL-2 and IL-4 in cultured supernatants of the transfected Jurkat cells were measured by ELISA, as described previously. 23) Detection was performed with an ECL detection kit (Amersham Pharmacia Biotech, Piscataway, NJ, U.S.A.).
Expression and Purification of Recombinant Human Txk and Mutant Proteins
The expression vector, pQE31, containing the entire coding region of human txk cDNA was used for the transformation of E. coli JM109 cells. Expression of Txk proteins were induced by isopropyl b-D-thiogalactopyranoside (IPTG: Wako Pure Chemical Industries, Osaka) for 4 h at 37°C. After cellular proteins were eluted from JM109 by sonication, the recombinant proteins were purified by immunoprecipitation using rabbit anti-human Txk antibody.
In Vitro Kinase Assay Recombinant Txk proteins were washed by a kinase buffer, including 40 mM HEPES (pH 7.4), 10 mM MgCl 2 , 3 mM MnCl 2 and 1 mM DTT. After incubation in 40 ml kinase buffer containing 250 mM ATP at 25°C for 5 min, the proteins were subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), then transferred onto a PVDF membrane. On the membrane, Txk and phosphotyrosines were detected by western blot analysis using goat anti-human Txk and PY20 antibodies, respectively.
Statistical Analysis At least three independent experiments were performed for each assay. All data are expressed as the mean and S.D. The statistical significance of differences between the means was determined by applying a twotailed Student's t-test. A difference was considered statistically significant with pϽ0.05. 24, 25) Txk is phosphorylated and activated by the Src family kinase, Fyn, in the signaling cascade triggered by T cell receptor engagement. 21) However, it remains undetermined whether Txk autophosphorylates itself. To analyze the autophosphorylation of Txk by in vitro kinase assay, we generated a prokaryotic Txk expression vector, pQE-txk, containing human txk cDNA. Recombinant human Txk protein was eluted by immunoprecipitation. After incubation of the recovered protein in kinase buffer with or without ATP in vitro, phosphotyrosine was detected by the immunoblotting technique using PY20. We found that Txk was phosphorylated in the presence of exogenous ATP, indicating that Txk has the potential to phosphorylate itself (Fig. 1) .
RESULTS

Autophosphorylation of Human Txk
Involvement of K299 at the ATP Binding Site in IFN-g g Production by T Cells We have previously demonstrated that Txk translocates into nuclei in response to mitogenic stimuli and upregulates IFN-g gene transcription. 20) Like other members of Tec family tyrosine kinase, it is plausible that Txk function is regulated by transphosphorylation and autophosphorylation. It has been shown that the ATP biding site following the SH2 domain is involved in the phosphorylation process as a phosphate donor. 26) To clarify the role of kinase activity in Txk, we constructed Txk mutant expression vectors, pME18S-txk K299E, in which glutamic acid was substituted for lysine at the ATP biding site, and pME18S-txk K121E, in which a point mutation was introduced to a site irrelevant to ATP binding. We found that the kinase activity of Txk was lost in K299E, but maintained in K121E. We compared the effects of these Txk mutants on IFN-g production by Jurkat cells. In preliminary experiments using a cotransfection system of pRSV-CAT, we found that our procedure yielded almost stable transfection efficiency, irrespective of the plasmids. 20) Transfection of the wild-type Txk resulted in increased IFN-g synthesis. Transfection of K299E failed to enhance IFN-g synthesis (Fig. 2a) . In contrast, Jurkat cells transfected with K121E produced IFN-g as much as those with the wild-type Txk (Fig. 2b) . IL-2 production was not significantly affected by any Txk mutants studied here. The results suggest that kinase activity, in which the ATP binding site including 299 lysine residue is involved, is necessary for enhancing IFN-g synthesis by activated Txk.
Autophosphorylation Sites of Txk and Production of IFN-g g In Btk, 551 tyrosine residue has been identified as the transphosphorylation site by Src family kinases, whereas 233 tyrosine residue has been identified as the autophosphorylation site. 24, 25) Based on the homology between Btk and Txk, we deduced that the corresponding transphosphorylation site is 420 tyrosine residue, and that the autophosphorylation site is 91 tyrosine residue, respectively. Indeed, a recent study identified the 420 tyrosine residue of Txk as the transphosphorylation site by Fyn. 21) We generated pQE-txk Y91A and Y420A by substitution from tyrosine to alanine at Y91 and Y420 of Txk, respectively. We examined whether the mutant Txk proteins autophosphorylated itself by using an in vitro kinase assay. Expression levels of Txk and phosphorylated tyrosine were determined by signal intensities of immunoblotting with anti-Txk antibody and PY20, respectively. The relative activity of phosphorylation was calculated by dividing the phosphorylated protein level by the Txk expression level. We found that the relative activity was remarkably reduced in Y91A and Y420A compared with the wild-type Txk (Fig. 3) . The results suggest that the tyrosine residues at both 91 and 420 are phosphorylated by the kinase activity of Txk itself.
To elucidate the relationship between the autophosphorylation sites of Txk and IFN-g synthesis, we measured the amounts of IFN-g produced by Jurkat cells transfected with pME18S-txk Y91A and Y420A. Transfection of the wildtype Txk resulted in increased IFN-g production. In contrast, transfection with Y91A secreted reduced amounts of IFN-g in comparison with the wild-type Txk. On the other hand, transfection with Y420A did not inhibit the secretion of IFNg compared with transfection of wild-type Txk (Fig. 4) .
None of the expression vectors studied here affected IL-2 production. These results suggest that phosphorylation at 91 tyrosine residue is critical for the activation of Txk, leading to the upregulation of IFN-g gene transcription.
DISCUSSION
In this study, we demonstrate that Txk is autophosphorylated by itself, and that the phosphorylation level of Txk is closely associated with the activation of Txk. Furthermore, we show that 91 tyrosine residue is an important phosphorylation site to positively regulate the function of Txk, in addition to 420 tyrosine residue, which was previously identified as a transphosphorylation site by a Src family kinase, Fyn. 21) It is becoming clear that Th1 and Th2-specific transcription factors play critical roles in Th1 and Th2 cell maturation, respectively. T-bet, a Th1-specific transcription factor, is shown to transactivate IFN-g gene expression, while GATA-3 and c-Maf are known to be selectively involved in Th2 cell specific cytokine production. [27] [28] [29] [30] [31] [32] We recently found that Txk functions as a Th1-specific transcription factor to promote Th1-related proteins, including IFN-g, TNF-b, and CCR5 (unpublished observation). Therefore, the Txk-mediated signaling pathway is one possible pharmacological target involved in the regulation of Th1 and Th2 balance in immune responses.
Tec kinases contain SH3, SH2, and tyrosine kinase cat- E. coli JM109 was transformed with pQE31 (mock), pQE-txk (Txk), pQE-txk Y91A (Y91A), and pQE-txk Y420A (Y420A). The cells were cultured with IPTG for 4 h, then recombinant Txk and mutant proteins were recovered by immunoprecipitation with rabbit anti-Txk. The recovered proteins were incubated in kinase buffer in the presence or absence of ATP. Thereafter, the proteins were immunoblotted with goat anti-Txk (top panel) and anti-phosphotyrosine (PY20) (bottom panel). RA indicates relative activity, which is the ratio of signal intensity of anti-phosphotyrosine blotting to anti-Txk blotting. Substitutions at both Y91 and Y420 remarkably reduced the autophosphorylation level. alytic domains as Src family kinases. 9) The importance of the Tec kinases in antigen receptor signaling was first demonstrated by the observation that mutations of the btk gene are associated with a profound immunodeficiency, X-linked agammaglobulinemia (XLA). In patients with XLA, B cell development and immunoglobulin synthesis were defective because of impaired B cell receptor (BCR) signaling. 33, 34) Cross-linking of BCR leads to the activation of Src family kinases, which in turn phosphorylate Btk. Phosphopeptide mapping and mutational analyses of Btk have identified 551 tyrosine as the transphosphorylation site by Src family kinases. 24) In addition, 233 tyrosine residue was identified as the autophosphorylation site. 25) Interestingly, the phosphorylated Btk, in which the 233 tyrosine residue of the SH3 domain is autophosphorylated, has been shown to display distinct ligand binding properties from the nonphosphorylated Btk. While the nonphosphorylated Btk binds to c-Cbl and Wiscott-Aldrich syndrome protein (WASP), the autophosphorylated Btk binds to c-Cbl, but not to WASP, and acquires a high affinity for Syk. 35) These findings suggest that the autophosphorylation in Btk is implicated in the selection of ligands against Btk. While the autophosphorylation plays a negative regulatory role in the function of Src family kinases, activation of Btk requires Btk kinase activity, the putative autophosphorylation site (Y551), and most notably, a functional PH domain. 24, 36) Like other Tec family members, Txk is transphosphorylated by the Src family in TCR signaling. The notion is supported by our previous findings that no IFN-g is secreted by Txk transfected Jurkat cells without stimulation. Recently, the critical transphosphorylated site has been identified at 420 tyrosine residue. 21) As deduced from the homology between Btk and Txk, we show here that 91 tyrosine residue is another phosphorylation site, which is possibly mediated by an autophosphorylation mechanism. Because the transfection of a substitution mutant, Y91A, to Jurkat cells failed to support an increased IFN-g synthesis in response to mitogenic stimuli, the autophosphorylation mechanism at the residue may play a critical role in Txk function as a Th1-specific transcription factor.
